We have isolated and sequenced twenty-six cDNAs derived from primary Alu transcripts. Most cDNAs (22/26) sequenced end in multiple T residues, known to be at the termination for RNA polymerase III-directed transcripts. We conclude that these cDNAs were derived from authentic, RNA polymerase III-directed primary Alu transcripts. Sequence alignment of the cDNAs with Alu consensus sequences show that the cDNAs belong to different, previously described Alu subfamilies. The sequence variation observed in the 3 H non-Alu regions of each of the cDNAs led us to conclude that they were derived from different genomic loci, thus demonstrating that multiple Alu loci are transcriptionally active. The subfamily distribution of the cDNAs suggests that transcriptional activity is biased towards evolutionarily younger Alu subfamilies, with a strong selection for the consensus sequence in the ®rst 42 bases and the promoter B box. Sequence data from seven cDNAs derived from small cytoplasmic Alu (scAlu) transcripts, a processed form of Alu transcripts, also have a similar bias towards younger Alu subfamilies. About half of these cDNAs are due to processing or degradation, but the other half appear to be due to the formation of a cryptic RNA polymerase III termination signal in multiple loci. Using our sequence data, we have isolated a transcriptionally active genomic Alu element belonging to the Ya5 subfamily. In vitro transcription studies of this element suggest that its¯anking sequences contribute to its transcriptional activity. The role of¯anking sequences and other factors involved in transcriptional activity of Alu elements are discussed.
Introduction
The Alu family of repeated DNA elements is found interspersed in the human genome at a copy number that exceeds 500,000 per haploid human genome (reviewed by Deininger, 1989; Deininger & Batzer, 1993; Schmid & Shen, 1986; Weiner et al., 1986) . Alu elements are thought to amplify in the genome via an RNA mediated process termed retroposition (Rogers, 1983; Weiner et al., 1986 ). The proposed model for Alu retroposition (Jagadeeswaran et al., 1981; Van Arsdell et al., 1981) involves transcription of the Alu element by RNA polymerase III, reverse transcription to form cDNA, and integration of the cDNA copy into the genome.
Several groups have classi®ed the Alu family of repeats into a number of subfamilies of different evolutionary ages based on subfamily-speci®c diagnostic changes (Britten et al., 1988 (Britten et al., , 1989 Jurka, 1993; Jurka & Milosavljevic, 1991; Jurka & Smith, 1988; Quentin, 1988; Shen et al., 1991; Slagel et al., 1987; Willard et al., 1987) . The different laboratories working with Alu repeats have recently agreed upon a standardized nomenclature for Alu repeats (Batzer et al., 1996) . We will use this new nomenclature here with a few exceptions, which will be explained and equated to the closest subfamily of the new nomenclature (Batzer et al., 1996) . Based on the subfamily structure of Alu elements, it has been suggested that one, or a very few related, source gene(s) have dominated Alu ampli®cation at any given time in primate evolution (Deininger et al., 1992; Deininger & Batzer, 1993; Shaikh & Deininger, 1996) . It has also been speculated that Alu source genes have a distinct advantage over most of their copies in one or all of the steps involved in retroposition (Deininger et al., 1992) , which include transcriptional and post-transcriptional events.
The approximately 300 bp Alu elements have been ancestrally derived from the RNA polymerase III-transcribed 7SL RNA gene (Ullu & Tschudi, 1984) . Although most Alu family members have an internal RNA polymerase III promoter that is functional in vitro (Elder et al., 1981; Liu & Schmid, 1993; Paolella et al., 1983) , in vivo transcripts of Alu elements have been dif®cult to detect using conventional methods (Maraia et al., 1993; Matera et al., 1990a; Paulson & Schmid, 1986; Sinnett et al., 1992) . This lack of in vivo transcriptional activity of most Alu elements has been attributed to a number of different reasons, which include their chromatin context, lack of regulatory elements and methylation, among others (Liu & Schmid, 1993; Schmid & Maraia, 1992; Liu et al., 1994) .
Most Alu copies, after integration into the genome, evolve at the neutral rate of evolution (Miyamoto et al., 1987) . Therefore, most of the older copies are believed to have become inactive due to the accumulation of mutations. Recent data suggest that younger Alu subfamilies are transcriptionally more active, whereas older, more divergent, Alus are relatively idle (Matera et al., 1990a, b; Sinnett et al., 1992) . Although biased towards younger subfamilies, transcription was not restricted to any speci®c subfamily (Sinnett et al., 1992) . In addition, the scAlu (small cytoplasmic Alu) RNAs, apparently processed forms of Alu transcripts, are transcribed from multiple dispersed loci (Maraia et al., 1993) . These results raise the possibility that there may be post-transcriptional selection involved in determining the retroposition potential of different Alu elements.
Techniques used previously to detect RNA pol III-directed primary Alu transcripts did not allow analysis of the 3 H ends of the transcript (Matera et al., 1990a; Sinnett et al., 1992) . These 3 H ends are created because SINEs do not encode an RNA polymerase III termination signal, but instead use sequences found in the downstream unique region for termination. Thus, the transcripts are composed of an Alu 5
H end fused to a single copy 3 H end. Studies involving the rodent B1 (Alu-equivalent) elements suggest the involvement of the 3
H¯a nking unique sequences in the processing of primary B1 transcripts (Maraia, 1991; Maraia et al., 1992) . The 3 H unique sequences of primary Alu transcripts may have a similar role and may therefore provide clues to possible regulation of Alu retroposition. Also, authentic RNA pol III-directed Alu transcripts are proposed to end in at least three U residues due to termination of transcription at a run of four or more T residues in the 3 H¯a nking sequence (Jagadeeswaran et al., 1981) . To identify full-length primary Alu transcripts, a cDNA library was constructed from RNA isolated from the human pluripotent embryonal carcinoma cell line NTera2D1 (Andrews et al., 1984) using a technique that preserves the 3 H ends of the transcripts. The NTera2D1 cell line has been used previously to detect fulllength Alu transcripts (Sinnett et al., 1992) , as well as full-length LINE-1 transcripts (Skowronski & Singer, 1985) . The NTera2D1 cell line is also likely to be retropositionally competent, based on the presence of reverse transcriptase in this cell line (Deragon et al., 1990) , which may be coded for by L1 elements (Mathias et al., 1991) .
Sequence analyses of clones from the cDNA library will help identify full-length RNA polymerase III-derived Alu transcripts, con®rm the authenticity of the primary transcripts, and determine if any Alu elements are preferentially transcribed. The cDNA sequences of the Alu transcripts along with the 3 H¯a nking unique sequences will also provide an insight into sequence characteristics involved in transcriptional activity as well as putative post-transcriptional mechanisms involved in Alu retroposition.
Results
Cloning full-length, RNA polymerase III-directed Alu transcripts
The strategy referred to as C-RACE (Kim et al., 1995) was employed to examine RNA polymerase III-directed primary Alu transcripts. In short, the RNA was size-fractionated with PAGE to minimize contamination from larger RNA polymerase IIdirected transcripts that contain an Alu element in an intervening sequence. The size selection of transcripts in the 300 to 500 nt range also allowed us to separate the dominant, processed scAlu (Maraia et al., 1993) from full-length primary Alu transcripts. Oligo(dG) primed ®rst strand synthesis following the C-tailing of RNA allowed synthesis of ®rst strand cDNAs that included the entire 3 H ends of the transcripts.
The primer THAT-3 used for the polymerase chain reaction (PCR) was speci®cally designed to eliminate cross-hybridization with the abundant 7SL RNA and select only Alu-speci®c cDNAs. Information concerning the 5 H terminus of the transcripts, often used to verify the authenticity of RNA polymerase III transcripts (Matera et al., 1990a; Sinnett et al., 1992) , is lost in this process. But most cDNAs (22/26) sequenced ended in multiple T residues, known to be present at the RNA polymerase III transcript terminus, providing strong evidence that the cDNAs were derived from authentic RNA polymerase III-directed Alu transcripts.
The size and speci®city of PCR ampli®ed cDNAs were con®rmed by electrophoresis on an agarose gel as well as by a Southern hybridization analysis using an Alu speci®c probe (data not shown). There was excellent agreement between the size of the input RNA and the C-RACE products, demonstrating that the size-fractionation and C-RACE protocols were effective.
Alu transcripts are derived from multiple loci
Three hundred randomly selected cDNA clones were screened by restriction analysis for insert size prior to sequencing. Twenty two of the clones showing the expected insert size (>250 bp) were sequenced. These cDNA sequences have been aligned (Figure 1(a) ) with the consensus sequence of the Sx subfamily (Batzer et al., 1996) . Most of the cDNAs shown in Figure 1 (a) appeared to have been derived from different Alu elements, based on the sequence variation in the Alu core region, middle A-rich region, oligo(dA) tails and genomic loci-derived non-repetitive 3 H regions (Figure 2 ). These cDNAs belonged to all the major Alu subfamilies (PS, AS and Y). The Alu PS subfamily (Shen et al., 1991) is a composite of four of the older subfamilies of the new nomenclature including the Alu J, Sx, Sq and Sp subfamilies. The Alu AS subfamily (Shen et al., 1991) has no equivalent in the new nomenclature and is an intermediate between the four older subfamilies and the young (Y) subfamily of Alu elements (Batzer et al., 1996) .
Clones TS 41, TS 71 and TS 116 belonging to the PS subfamily share 19 nucleotide changes when compared to the Alu Sx consensus. Although there are signi®cant sequence differences between these three elements, they also show a surprising degree of similarity at their 3 H ends as underlined in Figure 2 . It seems likely that these transcripts are derived from a duplicated locus, the copies of which have begun to vary, particularly in the 3 H Arich region.
Clones TS 90 and TS 103, belonging to the Y subfamily, have an identical oligo(dA) tail and 3 H unique region but differ slightly with respect to the Alu core region. The fact that the 3 H unique sequences of these clones are identical suggested that they were derived either from the same locus or from duplicated loci (including¯anking sequences). If they are derived from the same locus the point mutations may have resulted during either PCR or reverse transcription and may therefore provide a measure for the error rate introduced during this procedure. Based on the total number of nucleotide changes (6/600), the maximum expected error rate is 1%. This conclusion is further supported by the variation in sequence between the Ya5 subfamily cDNA 3C12 and the genomic locus B33 from which it is derived (see below).
Of the 22 cDNAs, 18 contained two to ®ve T residues at the 3 H end, typical of an RNA polymerase III termination (Jagadeeswaran et al., 1981; Figure 2) . It was also found that the sequence variation was much lower and the relative abundance of the subfamilies represented in these cDNAs was much different than that for genomic DNA (see below and Table 1 ; Batzer et al., 1990; Shen et al., 1991 , Slagel et al., 1987 Willard et al., 1987) , suggesting that the cDNAs represented a non-random subset of Alu loci. Of the 22 cDNAs, 21 also contained 3
H unique sequences of varied lengths. All these features indicated that most of the cDNA clones were derived from primary, RNA polymerase III-derived Alu transcripts.
The few transcripts represented in the cDNA library without the RNA polymerase III termination signal are proposed to have lost their primary 3 H ends due to either processing or degradation during RNA handling. A few of the clones with smaller (< 250 bp) cDNA inserts were also sequenced to determine their origin. Some of these may have resulted from mispriming during ®rst strand cDNA synthesis, although most were unrelated, non-Alu sequences.
Disproportionate distribution of Alu cDNAs, biased towards younger subfamilies
The PS subfamily which was active 65 to 40 million years ago accounts for $85% of the total Alu elements in the human genome (Shen et al., 1991) but only 36% (8/22) of the cDNAs representing full-length Alu transcripts belong to the PS subfamily ( Table 1 ). The evolutionarily younger AS and Y subfamilies (Batzer et al., 1996; Shen et al., 1991) constitute $15% of the Alu elements in genomic DNA but accounted for 64% of the cDNAs, suggesting a bias towards younger subfamilies. Surprisingly, the strongest bias was for the AS subfamily, a class of Alus with no known recent retroposition activity (Shaikh & Deininger, 1996) . There is a bias towards younger subfamilies and, even within each subfamily, there appears to be a bias towards elements that are less diverged from the corresponding subfamily consensus. The average divergence of the PS, AS and Y subfamily cDNAs was 9.4, 9.1 and 3.8%, respectively (Table 1) , from the corresponding subfamily consensus, whereas (Table 2) , used as probes to screen for genomic loci, are underlined. The multiple C residues (C n ) at the 3 H end are from the C-tailing in the C-RACE protocol used to obtain these cDNAs.
the average divergence of random genomic elements belonging to the above subfamilies is 14, 12 and 9%, respectively (Slagel et al., 1987; Willard et al., 1987) . These data (Table 1 ) lend further support to the authenticity of the Alu cDNAs and show that they are not derived from random genomic Alu elements present in RNA polymerase IIdirected hnRNA, but represent a select subset of transcriptionally active and less diverged Alu elements. This distribution may re¯ect either the relative levels of transcription or post-transcriptional characteristics such as stability of the transcripts.
scAlu transcripts are derived from multiple loci but are not all processed
The same C-RACE protocol described above was also used to create a cDNA library from the smaller scAlu transcripts (Maraia et al., 1993) , except the size-selected RNA used this time was 50 to 200 nt in size and the PCR product subcloned was in the 100 to 150 bp range. We sequenced ten randomly picked clones from the scAlu cDNA library, three of which turned out to be unrelated cDNAs. The sequence of seven of the cDNAs is shown in Figure 3 compared to the left half of the PS subfamily consensus sequence. Although seven cDNA clones is a relatively small sampling of the total scAlu transcripts it is obvious that the younger subfamilies, i.e. AS and Y, are over-represented (5/ 7 scAlu cDNAs belong to either the AS or Y subfamilies) in scAlu transcripts. These results are also in agreement with previous reports about the subfamily distribution of scAlu transcripts (Maraia et al., 1993) as well as our data on the subfamily distribution of full-length primary Alu transcripts described in this paper.
Interestingly, four out of the seven scAlu cDNAs (sc-3, 5, 6, 7) end in three T residues preceded by a GC-rich sequence, which is similar to very strong RNA polymerase III terminators . These data suggest that some scAlu transcripts may be the result of premature termination of Alu transcription by RNA polymerase III at a speci®c site in which a cryptic RNA polymerase III Figure 3 . Alignment of the scAlu derived cDNA sequences. The complete sequences of cDNAs derived from RNA pol III-directed scAlu transcripts are shown. The cDNA are aligned and compared to 120 bp of the left monomer of the Alu Sx subfamily consensus (Con) just preceding the middle A-rich region. The cDNAs are grouped into different subfamilies indicated on the right as PS, AS and Y. The multiple C residues (C n ) at the 3 H end are from the C-tailing in the C-RACE protocol used to obtain these cDNAs.
terminator appears to have formed. The three remaining scAlu cDNAs (sc-1, 2, 4) that appear to be processing products terminate at the same position (position 118 of the PS subfamily consensus), suggesting that these scAlu transcripts were speci®cally cleaved processed products of fulllength primary Alu transcripts. Our results suggest that scAlu transcripts may be a heterogeneous mixture of prematurely terminated Alu transcripts and speci®cally cleaved, processed products of fulllength primary Alu transcripts.
Subfamily distribution of Alu cDNAs determined by cDNA library screening
Approximately six thousand cDNA clones from the library were arrayed in 96-well plates and transferred to nylon membranes (see Materials and Methods). The total number of cDNAs derived from full-length Alu transcripts was detected using pPD39 (Batzer et al., 1994) as a probe. A total of 506 clones hybridized to this probe, representing 8.4% (506/6000) of the cDNA library. To con®rm the copy number of the cDNAs belonging to the PS, AS and Y subfamilies, the arrayed library was screened with oligonucleotides speci®c to these subfamilies ( Table 2 ). The relative proportions of cDNAs belonging to the different subfamilies was in excellent agreement with the sequencing results (Table 1) .
cDNAs derived from the Ya5 subfamily of Alu elements
The arrayed library was screened with an oligonuleotide speci®c to the Ya5 subfamily (Table 2) and four hybridizing clones were isolated and sequenced. These cDNA clones appeared to be derived from RNA pol III-directed Ya5 Alu transcripts, based on their 3 H end sequences. The sequences of two of these clones, TS 3C12 and 17B7 are shown (Figure 1(b) ). Another clone 38F7 was identical to 3C12, suggesting that they were cDNAs of the same transcript. Similarly another cDNA clone, 52D3, was identical to 17B7. The sequences of 3C12 and 17B7 differed from the Ya5 consensus (Batzer et al., 1996) at 2 and 3 positions, respectively, which as will be seen later, at least in 3C12, are errors introduced during reverse transcription or PCR. The Ya5 subfamily accounted for 4/506 (0.8%) of the Alu cDNAs, whereas only 0.1% of the genomic Alu elements belong to this subfamily, an apparent eightfold enrichment of Ya5 Alu cDNAs.
Screening the arrayed cDNA library with a Yb8 (Batzer et al., 1996; Jurka, 1993) subfamily-speci®c oligonucleotide failed to identify any clones. Also, of the seven scAlu cDNAs sequenced, none belonged to either the Ya5 or Yb8 subfamilies. These data suggest that at steady state, the levels of transcripts from the most recent and retropositionally active subfamilies, Ya5 and Yb8 (Shaikh & Deininger, 1996) , are low to negligible and may be related to their low copy number in the genome (Batzer et al., 1990; Batzer et al., 1995) . The subfamily distribution of Alu cDNAs represented in our cDNA library therefore rules out the hypothesis that transcription may be biased only towards retropositionally active subfamilies of Alu elements.
Isolation of a transcriptionally active Ya5 Alu element
We have previously constructed a Ya5 Alu library which was made by arraying 600 positive clones previously isolated from a random total human genomic library screened with an Ya5 subfamily speci®c oligonucleotide . This library was screened with oligonucleotide probes (HS-3C12 and HS-17B7, see Table 2 ) complementary to the 3 H unique, genomic sequence¯anking cDNAs 3C12 and 17B7 (Figure 2) .
HS-3C12 hybridized to clone B33 of the Ya5 Alu library, whereas HS-17B7 hybridized to a number of clones. Clone B33 was sequenced in both directions with ®ve speci®c primers . It was later determined that HS-17B7 was complementary to a large number of sequences in the database (data not shown). This suggested that the genomic Alu responsible for cDNA 17B7 may be inserted in a repeated region and may therefore be dif®cult to isolate.
The sequence of the Ya5 Alu in clone B33 is shown in Figure 4 . The genomic Alu in clone B33 is an exact match to the Ya5 subfamily consensus sequence (Batzer et al., 1996) , except that it has a 7 bp truncation at the 5 H end. It also has 21 A residues in its oligo(dA) tail, same as in cDNAs 3C12 Figure 2b ) 65 and 38F7. The Ya5 Alu in clone B33 and cDNAs 3C12 and 38F7 also have identical 3 H unique, genomic sequence between the oligo(dA) tail and the RNA polymerase III termination signal (four T residues). From these data we conclude that the Ya5 subfamily member in clone B33 is transcriptionally active and is responsible for cDNAs 3C12 and 38F7. Also, since the cDNAs have the same number of A residues in their oligo(dA) tails as the genomic Alu, it is obvious that the oligo(dA) tail of the Alu transcripts was coded for by its source Alu element. It is also worth noting that the two apparent mutations from the Ya5 consensus in cDNAs 3C12 and 38F7 are the results of errors in reverse transcription or PCR.
The sequences¯anking the Ya5 Alu in B33 on the 5 H (93 bp) and 3 H (78 bp) ends do not have any exact matches to consensus transcription factor binding sites or any other known promoter elements (Locker & Buzard, 1990) . Although this Alu is truncated at the 5 H end, and is missing the ®rst four nucleotides of the consensus RNA polymerase III promoter element A-box, it perfectly matches the consensus for the rest of ®rst 50 nucleotides of the Alu element previously shown to be important for Alu transcription (Paolella et al., 1983; Perez-Stable et al., 1984) . Also there is homology detected between the ®rst nine bases of the direct repeat¯anking the Ya5 Alu (underlined in Figure 4 ) and position À41 to À33 in the 7SL RNA gene 5
H¯a nk (Kleinert et al., 1988) . This region has been shown to be important for the transcription of 7SL RNA by RNA polymerase III (Ullu & Weiner, 1985) and may be involved in binding a transcription factor. This suggests a possible reason for the transcriptional activity of the Ya5 Alu in clone B33.
In vitro transcription of the active Ya5 element
In vitro transcription was utilized to look at the in¯uence of varying¯anking sequences on the B33 Alu element. We have utilized Southern blots on the B33 insert, with cleavage at several different restriction enzymes and an Alu element probe, and determined that there is only a single Alu element present (data not shown). This element transcribes strongly with an in vitro extract ( Figure 5 ). Subcloning the Alu element with only 78 bp of downstream sequence and up to 20 bp of upstream sequence (including the TATA-like element) resulted in roughly an order of magnitude decrease in transcription. These data suggest H¯a nking sequence and 78 bp of 3
H¯a nking sequence. The direct repeats¯anking this Alu element are emboldened and italicized, in which the nine bp sequence homologous to the 7SL 5
H¯a nking region is underlined. The * marks the À1 position with respect to the start of the Alu. The Alu element has a 7 bp truncation at the 5 H end. The RNA polymerase III terminator (four T residues) in the 3
H¯a nking region is displayed bold and double-underlined. The ®ve Ya5 subfamily-speci®c diagnostic changes are shown by @. that the general sequence environment of the Ya5 Alu in B33 is favorable for transcription by RNA polymerase III.
Discussion
Only a very limited subset of Alu repeats are capable of undergoing the RNA mediated duplication process (retroposition) that has led to their extremely high copy number in the human genome (Deininger et al., 1992) . There are a number of steps at which this process might be regulated, eliminating the vast majority of Alus from the process. The ®rst step must be active transcription by RNA polymerase III and is likely to be strongly in¯u-enced by sequences¯anking speci®c Alu repeats. This might be due to the presence of positive stimulators of transcription, or elements that relieve repression caused by Alu methylation or nucleosome phasing (Englander et al., 1993; Hellmann-Blumberg et al., 1993; Liu et al., 1994; Schmid & Maraia, 1992) . Alternatively, there may be variability in RNA stability, or RNA processing that limits the lifetime of an RNA's availability for the retroposition process. Lastly, the 3 H unique sequences at the end of each RNA molecule may have differential capabilities to allow reverse transcription of the RNA and integration.
Some of the most important information in an Alu transcript resides at the 3 H unique portion of the transcript. These 3 H ends are the most likely sequences to contribute to differential RNA stability, processing and reverse transcription. Thus, our isolation of the RNA 3 H ends allows us a ®rst glimpse at this important portion of the molecule. An additional bene®t of the isolation of copies of the 3 H ends of the Alu transcripts is that the 3 H ends can de®nitively differentiate whether sequences which may be quite similar in their Alu-related portion are coded by different loci and which then supply a probe for isolation of the single copy genomic locus. This then allows the analysis of speci®c genomic loci to help understand why they may be preferentially transcribed relative to other loci.
The information provided by the full-length Alu transcripts con®rms previous studies which isolated only the Alu portion of the transcript (Maraia et al., 1993; Sinnett et al., 1992) . All subfamilies of Alu are represented in the transcript pool, with a quantitative bias towards the younger subfamilies and the younger members of these subfamilies. However, the preferential expression of the AS subfamily relative to the most recently active subfamilies was surprising. The higher activities of the younger subfamilies are consistent with the idea that random mutations occurring in Alu repeats after their insertion gradually silence the RNA polymerase III promoter. It is not surprising that the promoter B box sequences are well conserved as they are likely to be required for promoter function. However, there is no obvious promoter function associated with the completely conserved 20 to 42 region of the cDNAs. This region is involved with Alu RNA binding to the SRP14/19 protein, which has been shown to stabilize some Alu RNAs (Hsu et al., 1995) . Thus, this region may play a critical role in determining transcript stability. It is also worth noting that most of the mutations that occur in the B box region and the major cluster of mutations in the 45 to 60 and the 140 to 160 regions are predominantly at CpG dinucleotides. Although this may simply be because these loci are subject to rapid mutation (Labuda & Striker, 1989) , it may also be that removing potential methylation sites from elements removes them from transcriptional repression caused by methylation (Liu & Schmid, 1993) .
The ®nding of two independent transcript copies from each of the two Ya5 loci expressed and none from the other 500 to 1000 Ya5 loci in the genome, suggests that either those two loci are transcriptionally more active than other members of this subfamily or that their transcripts are more stable. Although the subfamily distributions of the cDNAs in our study represent steady state levels of Alu transcripts, it is still possible that they reect the relative levels of transcription of different subfamilies of Alu elements, thus suggesting a selection at the transcriptional level. Also, the ®nding that the Ya5 and Yb8 subfamilies, which represent about 80% of the new Alu repeats being inserted into the genome (Shaikh & Deininger, 1996) , but represent less than 1% of the overall Alu transcripts (4/506 cDNAs analyzed in this study), suggests that post-transcriptional mechanisms must also be a major factor in the ef®ciency of the retroposition process.
The 3 H ends of the full-length transcripts demonstrate that the majority end in T residues, consistent with their being primary, unprocessed, RNA polymerase III-directed transcripts. Most of the sequences contain fairly short stretches of 3 H unique sequence. As four T residues should occur in the template about every 250 bp on the average, the short size of the 3 H ends in these experiments suggest that the longer Alu transcripts are either not produced or are less stable than those with a short 3 H end. The scAlus have already been demonstrated to represent a major class of Alu transcripts and that they can be generated by processing or degradation from full length Alu transcripts (Maraia et al., 1993; Sinnett et al., 1991) . The ®nding of 4/7 scAlu transcripts ending with three T residues suggests that a signi®cant proportion of scAlu RNAs may result from a speci®c base mutation occurring in the Alu sequence to generate a reasonable RNA polymerase III terminator. A 17 base sequence spanning the region was used to screen GenBank and found approximately 50 Alu sequences with this mutation, but otherwise matching the consensus perfectly. Thus, this change is available in a large number of potential Alu transcripts. The other scAlus appear to represent processing products, all of which have been processed to within one base of the middle A-rich region of the Alu sequence. It is worth noting that RNA folding models of Alu would place the scAlu into a highly structured state that might be resistant to further degradation, while the middle A-rich region is predicted to be unstructured (Labuda & Zietkiewicz, 1994) .
We have demonstrated in at least one case, that the 3 H unique sequence of an Alu transcript can be utilized to isolate the genomic locus (Figure 4) . The sequence determined for the genomic clone includes 93 bp immediately upstream of the 5 H end and 78 bp immediately¯anking the oligo(dA) tail at the 3 H end of the Alu element. These¯anking sequences do not contain any exact matches to consensus transcription factor binding sites (Locker & Buzard, 1990; Willis, 1993) , other than a reasonable TATA box (TTTAAA) just upstream of the¯anking direct repeat. The only other interesting region found was a 9 bp identity in the direct repeat anking this Ya5 Alu element (Figure 4) , and a 9 bp stretch of sequence at position À41 to À33¯anking the 7SL RNA gene (Kleinert et al., 1988) . The 5 H anking sequence has been shown to be important for the transcription of 7SL RNA (Ullu & Weiner, 1985) by RNA polymerase III. A larger region of 7SL¯anking sequence has recently been shown to greatly stimulate Alu transcription (Chu et al., 1995) and both upstream and downstream¯anking elements clearly play a role in stimulating expression from other RNA polymerase III transcribed genes (Larson et al., 1983; Morry & Harding, 1986; Sakonju et al., 1980; Young et al., 1991) . Additionally,¯anking sequences have been found to be effective at eliminating a general repression of Alu element transcription which seems to be dependent on the p53 protein (Chesnokov et al., 1996) . In vitro transcription of the B33 clone shows that there is a signi®cant stimulation from the¯anking sequences of this Alu locus ( Figure 5 ). Further investigation is needed to understand the relative transcriptional ef®ciencies of different Alu loci and the degree to which this in¯uences retroposition.
Materials and Methods
Synthesis and analysis of Alu cDNA using C-RACE
RNA isolation and fractionation
NTera2D1 (Andrews et al., 1984) cells were grown at high density in 150 cm 2¯a sk in CO 2 at 37 C as described (Andrews et al., 1984) . Total RNA was isolated from NTera2D1 cells by the method of Chomczynski (Chomczynski & Sacchi, 1987) . RNA was puri®ed by two rounds of phenol/chloroform extraction. Parallel aliquots of 10 mg of RNA were then size-fractionated by electrophoresis on a 6% (w/v) polyacrylamide gel containing 8 M urea. One lane was stained with ethidium bromide to visualize the separation and size, and the other lane was used to obtain the size-fractionated RNA. Two bands, one corresponding to 300 to 500 nt long RNA and the other corresponding to 50 to 200 nt long RNA, were cut out of the gel. Elution of RNAs from acrylamide gel slices was accomplished using the RNaid kit (BIO 101, Inc.) . The eluted RNAs were dissolved in 15 ml of distilled water and used for cDNA synthesis.
RNA tailing, cDNA synthesis, and amplification by RACE A modi®ed RACE (Frohman et al., 1988) technique that would allow an unbiased isolation of 3 H ends referred to as C-RACE (Kim et al., 1995) was used. In separate reactions, RNA eluted from both gel slices was ®rst 3 H tailed with CTP using RNA poly(A) polymerase. The tailing reaction was carried out at 37 C for one hour in a 100 ml reaction containing 50 mM Tris-HCl (pH 7.9), 10 mM MgCl 2 , 2.5 mM MnCl 2 , 250 mM NaCl, 0.5 mg/ml BSA, 0.2 mM CTP, and 4 units of RNA poly(A) polymerase (Sigma). The C-tailed RNA was desalted using a Microcon-10 (Amicon Inc.). An aliquot (15 ml out of 50 ml) of C-tailed RNA was mixed with 1 mg of primeradapter THAT-1 (5 H -AGGAGCCTTCGAATTCAGGGG-GGGGGGGG-3 H ), incubated for 15 minutes at 70 C, and slow cooled to room temperature. cDNA was synthesized from C-tailed RNA by incubating with MMLV reverse transcriptase (Stratagene) for one hour at 37 C. The reaction was in a 50 ml volume and contained 50 mM Tris-HCl (pH 8.3), 8 mM MgCl 2 , 10 mM DTT, 1 mM dNTPs, 1 unit of RNasin (Promega), and 20 units of reverse transcriptase. After the ®rst strand synthesis, the reaction mixtures were washed several times in a Microcon-30 to remove excess THAT-1 primer-adapter, dissolved in 50 ml of TE buffer, and used as template for the ampli®cation of the cDNA by PCR. The cDNA was ampli®ed using primers, THAT-2 (5 H -AGGAGCCTTC-GAATTCA-3 H ), and THAT-3 (5 H -GCCTGTAATCCCC-AGCACT-3 H ), for the primer-adapter on the C-tail and for the 5 H end of Alu transcripts, respectively. An amount (5 ml) of the cDNA pool was ampli®ed in a 50 ml polymerase chain reaction (PCR) reaction mixture containing 375 ng of both primers, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 200 mM dNTPs, 0.001% (w/v) gelatin, and 5 units of AmpliTaq DNA Polymerase (Perkin Elmer). The reactions were carried out in a Perkin-Elmer 9600 thermal cycler under the following conditions: 94 C for 30 seconds; 55 C for one minute; 72 C for one minute for a total of 35 cycles. Half (25 ml) the reaction product was visualized by fractionation on a 2% (w/v) agarose gel containing 0.5 mg/ml ethidium bromide.
Subcloning and analysis of amplified cDNA PCR ampli®cation of the cDNA derived from the 300 to 500 nt RNA yielded a smear of products ranging in size from 200 to 500 bp. The cDNA derived from the 50 to 200 nt RNA yielded PCR products in the 100 to 120 bp range. These products were extracted by electrophoresis onto DEAE-cellulose membrane (Schleicher and Schuell NA-45) and eluted as described (Sambrook et al., 1989) . The eluted PCR products were resuspended in 20 ml 1 Â TLE (10 mM Tris-HCl (pH 7.4), 0.1 mM EDTA) of which 2 ml was ligated into pCR II TM vector of the TA cloning kit (Invitrogen); 1 ml of the ligation was then used to transform competent Escherichia coli cells as per the manufacturer's protocol.
Three hundred randomly chosen recombinant colonies from the library derived from the larger cDNA (200 to 500 bp), were analyzed for insert size by restriction digestion with EcoRI . Clones with insert size >250 bp were selected for further analysis. The cloned PCR products were sequenced with M13 reverse and forward primers and THAT-2 and THAT-3 primers using a doublestranded cycle-sequencing system (Gibco BRL). All sequences of cDNAs were con®rmed by sequencing of both strands.
A total of 10 clones from the library derived from the smaller cDNA (100 to 120 bp) were directly sequenced to verify if they were derived from scAlu RNA.
Arraying the Alu cDNA library and screening for subfamily specific cDNAs One ml aliquots of the TA cloned PCR product of the larger (200 to 500 bp) cDNA were electroporated into 20 ml ElectroMAX DH10B TM cells (Gibco BRL) using the BRL Cell-Porator TM system (Gibco BRL) and plated as per manufacturer's protocol (Gibco BRL). Approximately six thousand colonies (sixty 96-well dishes) were arrayed in microtiter dishes and spotted onto nylon membranes (Hybond N, Amersham) in 2 Â 2 ®lter grids (384 clones/ membrane) using a library copier VP381 and a 96-pin Multi-Blot replicator VP409 (V&P Scienti®c, Inc.). A total of 15 ®lters (in duplicate) were made on LB agar supplemented with ampicillin (50 mg/ml) and allowed to grow by incubation at 37 C overnight. The ®lters were placed on Whatman paper saturated with 2Â SSC/5% (w/v) SDS to lyse the cells and allowed to stand for two minutes. These ®lters were then microwaved for three minutes on the highest power setting. Each ®lter was then submerged in 20 ml of a solution containing 50 mM Tris-Cl (pH 8.0), 50 mM EDTA, 100 mM NaCl, 1% (w/v) sodium lauryl-sarcosine and 250 mg/ml Proteinase K and incubated at 37 C for 20 minutes without agitation. The ®lters were then dried and UV cross-linked.
Filters were hybridized in duplicate to ®ve different 32 P-end-labeled oligonucleotides; PSo1, ASo2, CSo3, HSo4 and Sb2o5 (Table 2) , each speci®c to Alu subfamilies PS, AS, Y, Ya5 and Yb8 (Batzer et al., 1996; Shen et al., 1991) , respectively. Hybridization was in 6Â SSC (1Â SSC is 0.15 M NaCl, 0.025 M Na citrate (pH 6.8)), 5Â Denhardt's reagent; washes were performed in 6Â SSC/0.05% sodium pyrophosphate. The wash temperatures used for each oligonucleotide are shown in Table 2 .
Isolation and sequencing of the genomic locus corresponding to the Ya5 subfamily cDNAs Oligonucleotides complementary to the 3 H unique regions of the Ya5 subfamily cDNAs 3C12 and 17B7, HS3C12 and HS17B7, respectively (Table 2) , were endlabeled using [g- 32 P]ATP as described (Sambrook et al., 1989) . 600 HS subfamily Alus previously isolated and arrayed on nylon ®lters were screened with end-labeled HS-3C12 and HS-17B7.
Hybridization was in 6 Â SSC, 5 Â Denhardt's reagent; washes were performed in 6 Â SSC/0.05% sodium pyrophosphate. The wash temperatures used for each oligonucleotide are shown in Table 2 .
Hybridizing clones were sequenced using internal Alu-speci®c primers described previously and a double-stranded cycle-sequencing system (Gibco BRL). All sequences were con®rmed by sequencing of both strands.
Preparation of HeLa nuclear extracts and in vitro transcription assay
Nuclear extracts were prepared according to standard methods (Blake et al., 1990 ) from suspension cultures of HeLa cells grown to a density of (0.5 to 1) Â 10 6 cells/ ml. Transcription of plasmid constructs followed a modi®ed protocol previously described (Daniels & Deininger, 1991) . Brie¯y, reactions were carried out in a 20 ml volume containing 1 mg of total plasmid DNA, 12 mM Hepes (pH 7.9), 12% (v/v) glycerol, 7 mM MgCl 2 , 60 mM KCl, 0.2 mM EDTA, 0.3 mM DTT, 0.5 mM each of ATP, GTP and UTP, 12 mM CTP, 40 units RNasin, 0.2 mg/ml a-amanitin, 10 mCi [a-32 P]CTP and 7.5 mg of nuclear extract. Transcription mixtures were incubated at 30 C for 90 minutes and the reaction was stopped by the addition of 40 ml of stop solution (8 M urea, 20 mM EDTA, 1% SDS). The samples were phenol-chloroform extracted and 10 ml of sequencing dye (95%, v/v, formamide, 20 mM EDTA, 0.05%, w/v, bromophenol blue, 0.05%, w/v, xylene cyanol FF) were added. After incubation at 85 C for ®ve minutes, the samples were electrophoresed on 7 M urea/5% acrylamide gel. Results were both visualized by autoradiography using hyper®lm (Kodak) and quanti®ed using a Phosphorimager (Molecular Dynamics).
Plasmid constructs
Constructs containing different lengths of upstream sequence from the Alu element in the PB33 clone were generated. Both p 2B33 and p À 20B33 were obtained by PCR ampli®cation with the following primers, respectively:
forward-5 H GCTCCGCGGTGGCTCACGCCT 3 H and reverse-5 H GCAAACAAGAGGCACACTTTCAACC 3 H ; and forward-5 H AACTTTAAAACTGCCCCTGCTC 3 H with the same reverse primer as above. The ampli®ed product was cloned into the PCRII vector from the TA cloning kit (Invitrogen) and con®rmed by sequence analysis.
Sequence data
The sequences presented in this paper have been deposited with GenBank. Sequences in Figures 1 and 2 are under GenBank accession numbers U67809-U67832; sequences in Figure 3 are under GenBank accession numbers U67802-U67808 and the sequence in Figure 4 is under GenBank accession number U67801.
